Previous computer simulations of multiple 10 keV Si cascades in 3C-SiC demonstrated that many damage-state properties exhibit relatively smooth, but noticeably different, dose dependencies. A more recent analysis of these damage-state properties, which includes additional data at low and intermediate doses, reveals more complex relationships between system energy, swelling, energy per defect, relative disorder, elastic modulus, and elastic constant, C 11 . These relationships provide evidence for the onset of both defect clustering and solid-state amorphization, which appear to be driven by local energy and elastic instabilities from the accumulation of defects. The results provide guidance on experimental approaches to reveal the onset of these processes.
I. INTRODUCTION
Silicon carbide (SiC) is a promising material for advanced high-temperature, high-power electronic devices 1,2 and nuclear applications. 3, 4 A fundamental understanding of the processes of irradiation damage in SiC is important to effectively use ion-implantation techniques in electronic device fabrication and to develop predictive models of behavior for nuclear power and space applications. Irradiation-induced amorphization is observed in all SiC polymorphs under electron, 5, 6 ion, [7] [8] [9] and neutron 10 irradiation, and similar amorphization dynamics are observed.
Molecular dynamics (MD) can describe both cascade physics and the nucleation and growth of amorphous domains due to local accumulation of defects. It is currently the most viable approach for atomic-level investigation of the crystalline-to-amorphous (c-a) transition during irradiation. Single-collision cascade events have been studied in single-crystal SiC over energies from 250 to 50 keV, 11 as well as a function of temperature, 12 and more recently, studies of single cascades in nanocrystalline SiC have been reported. 13, 14 However, few studies have investigated the amorphization process due to the accumulation of defects or cascade overlap.
Malerba and Perlado
15 simulated damage accumulation due to 100 eV recoils in SiC, which approximates electron irradiation conditions, and found that the dose for complete amorphization is $1 dpa (displacement per atom), which is consistent with experimental results in electron-irradiated SiC. 16 Our previous simulations 17, 18 of damage accumulation due to multiple cascade overlap of energetic 10 keV Si recoils in SiC showed complete amorphization at a dose of 0.28 dpa, in good agreement with experimental results under similar irradiation conditions. 19 The lower dose for amorphization from energetic cascades has been attributed to the high probability of forming antisite defects and defect clusters, 18 which do not readily form for 100 eV recoils. Neither of these simulation approaches has revealed the underlying driving mechanism for amorphization.
In our original computer simulation experiments, 17, 18 the accumulation of damage in SiC from the overlap of 10 keV Si displacement cascades at 200 K was investigated, and the accumulation of single interstitials and antisite defects, order parameters, atomic mixing, and structure of the amorphous state were evaluated. Subsequent analyses [20] [21] [22] of a subset of the archived damage states from 140 overlapped cascades determined the fraction of interstitials in clusters, the system energy, volume change, mechanical properties, elastic constants, and thermal conductivity as a function of dose. While these simulation results demonstrated that both Frenkel pairs and antisite defects play a significant role in the amorphization of SiC, the underlying mechanisms were not revealed. Although defect accumulation, system energy, volume, and elastic constants appeared to change smoothly with dose, they exhibit significantly different dose dependencies, the analysis of which is expected to reveal additional insights on the mechanisms for amorphization. In fact, a linear relationship between system energy and short-range or chemical order was found, and total swelling exhibited two regimes of linear dependence on system energy. 20 Because only a subset of the original damage states were previously analyzed, more detailed insights were not revealed.
In this study, we have carried out a more thorough and detailed analysis of the archived data files. The swelling, relative disorder, elastic modulus, and elastic constant, C 11 , have been calculated for a larger number of damage states to more closely examine the changes in properties due to single-cascade overlap events, particularly at low doses. In addition, we have analyzed the results in a somewhat nontraditional manner by examining the relationships between properties at each damage state, rather than looking only at the dose dependence. This approach, which is somewhat analogous to that used by Lam et al. 23 in their analysis of disorder-driven amorphization in intermetallic compounds, provides a more comprehensive understanding of defect clustering and amorphization in SiC.
II. COMPUTATIONAL METHOD
The original MD simulations of cascade overlap were performed using a parallel version of the MDCASK code with constant volume and periodical boundary conditions. 17, 18 The interaction between atoms were described by a modified Tersoff potential 24 that has been previously used to calculate defect properties, 25 threshold displacement energies, 26 and displacement cascades from 250 to 50 keV in SiC. 11 The rectangular MD cell in this study contained 10 Â 10 Â 50 unit cells with 40,000 atoms. The number of atoms contained in the simulation cell was kept constant, and the temperature was controlled by coupling the atoms in the two boundary planes along the z direction to a reservoir of heat at 200 K. The energy of the cascade was originally selected because prior results indicated that 10 keV Si cascades contain all the relevant physics of cascade behavior. 27, 28 In addition, the Si recoil energy of 10 keV is near the peak (12 keV) in the nuclear stopping power for Si in SiC; thus, the simulations investigated the regime of highest self-ion energy-density deposition.
In the original simulations, each cascade was initiated by giving a random Si atom kinetic energy of 10 keV in a random direction. 17, 18 Each cascade was allowed to evolve for about 10 ps, such that the collisional and thermal spike stages of the cascade could be assessed, after which the MD cell was equilibrated for another 10 ps to control temperature. The average dose (displacements per atom) was determined from the number of cascades, multiplied by 100 displacements/cascade, 17, 18 and divided by the total number of atoms (40,000) in the MD block. The methods used to determine the defect types and numbers, 18 system energy, 20 volume change, 20 relative disorder, 19 and elastic properties 21 corresponding to each damage state have been described previously.
III. RESULTS AND DISCUSSION
From these simulations, both the number of defects 18 and the system energy 19 (eV/atom) were previously shown to exhibit rather smooth dependencies on dose.
Using the values for total number of defects (i.e., Frenkel pairs plus antisite defects) and the increase in system energy at each dose, the average energy per defect can be determined, and the dependence on dose is shown in Fig. 1 . Overall, the energy per defect decreases with increasing dose, but there are two inflections in the behavior that warrant consideration. As described previously, 20 during the initial introduction of defects from the first five cascades, the defects are predominantly isolated Frenkel pairs and antisite defects, with a constant size distribution of clusters, the largest of which contains five interstitials, which is consistent with the statistics on individual 10 keV Si cascades in SiC. 28 During these first five cascades, the average energy per defect is $6.8 eV, which is large. After these first five randomly introduced cascades, the energy per defect begins to decrease with further increases in dose. The onset for this decrease occurs at $0.02 dpa, where a previous analysis 20 indicated that new cascade events begin to overlap sufficiently with pre-existing cascade defects to cause coarsening of the cluster size distribution and decrease in the relative fraction of residual point defects at each dose. This indicates the formation or growth of defect clusters, possibly due to local energy instabilities associated with the large energy contribution of point defects, since defect clustering provides a pathway to a lower energy state. These defect clusters (interstitial-antisite clusters) may in fact serve as nuclei for amorphization, and this stage could be considered a nucleation stage for amorphization, which would be consistent with a nucleation and growth process for irradiation-induced amorphization. 29, 30 At the end of this defect clustering stage, the average energy per defect approaches a constant value of 4.5 eV before another inflection occurs at $0.075 dpa that signals the onset of another process. As shown previously, 20 at this dose, which corresponds to the overlap of 30 random cascades, a single large cluster containing 50 interstitials (based on a WignerSeitz analysis) is created that is characterized as amorphous based on a pair-distribution function analysis. The formation of this amorphous cluster signals the onset of amorphous growth from the defect clusters. This behavior is consistent with the description for heterogeneous amorphization as a result of defect-driven mechanical melting at extended defects arising from local energy or mechanical instabilities. 30 This amorphous growth stage results in reduced energy per defect of 1.8 eV for the fully amorphous state, based on the Wigner-Seitz cell analysis for defects, or a total increase in system energy of 0.85 eV per atom. As discussed previously, 18 the Wigner-Seitz cell analysis method may be inappropriate for describing the chemical and topological disorder of the amorphous state, and these results indicate that about half the atoms in the amorphous state are correctly contained within the Wigner-Seitz cells used in the analysis, which is not surprising.
While previous results indicated a discontinuity in the relationship between system energy and swelling at a swelling value of $6.5%, 20 the data were limited, particularly at lower swelling values. We have calculated the swelling for additional damage states at low and intermediate doses, and a more comprehensive evaluation of the relationship between system energy and swelling is shown in Fig. 2 . The first cascade introduces significant swelling (1.37%) to the MD cell from the introduction of point defects. While there is only a small increase in system energy (0.017 eV/atom) following the first cascade, there is a significant local energy increase of 6.8 eV per defect (Fig. 1) . Following the first cascade, there is a near-linear increase in system energy with increasing swelling, corresponding to an increase of $0.13 eV/atom at a swelling value of $3%, above which the rate of increase in system energy with swelling decreases somewhat. The inflection at $3% swelling is at the dose where the onset of cascade overlap and defect clustering occurs. During this defect clustering process, there is significant further increase in swelling (up to 6.5%), while the overall increase in system energy is only 0.25 eV/atom. At a swelling value of 6.5%, there is a significant inflection in behavior due to the onset of amorphous growth, similar to that reported previously, 20 and the system energy increases rapidly with further increases in swelling. For the final damage state, the overall increase in system energy is 0.85 eV/atom, and the swelling is 8.3%, which is slightly larger than the meltquench state (7.7%). 20 While it would be challenging, experiments in which both the increase in system energy and swelling were measured, in carefully designed studies using calorimetry and density methods, could serve to validate the computational modeling results in Fig. 2 .
Since both system energy and swelling can be experimentally measured, the relationship of other damagestate properties with these parameters could provide further insights into damage accumulation processes. In Fig. 3 , both the energy per defect and the previously reported relative disorder, 19 which is based on a WignerSeitz type analysis appropriate for comparison to experimental ion-channeling results, are shown relative to the volume swelling. The energy per defect is relatively flat up to a swelling value of $3%, at which point the local energy or mechanical instability causes the onset of defect clustering. The relative disorder increases slightly with swelling due to point defect accumulation and then remains relatively unchanged during the defect clustering stage, even though there is substantial   FIG. 2 . Relationship of system energy with total swelling from computer simulations of cascade overlap .   FIG. 3 . Relationships of average energy per defect and relative disorder with total swelling from computer simulations of cascade overlap.
swelling. As the swelling approaches 6.5%, there is a more dramatic inflection in both the energy per defect and relative disorder, similar to that shown for system energy (Fig. 2) that signals amorphous growth. In the case of energy per defect, the local energy is reduced by the transition to an amorphous state, while the relative disorder increases rapidly with swelling due to amorphization. The substantial volume change, increased local energy, and high disorder are consistent with an amorphization process based on defect-driven local mechanical melting at defect clusters. 23, 30 Because computationally modeled relative disorder has been shown to be in good agreement with experimentally measured values in ion-irradiated single crystals of SiC, 19 carefully controlled experiments that measure local relative disorder and local swelling could validate the results shown in Fig. 3 .
When plotted as a function of system energy, as shown in Fig. 4 , the energy per defect shows a much more pronounced decrease due to defect clustering, which clearly indicates that this is a distinct process, while the inflection due to amorphization is reduced compared with the dependence on swelling. Both the relative disorder and system energy increase initially as a result of point defect accumulation; however, during defect clustering little change in relative disorder is observed, while the system energy continues to increase. The relationship between relative disorder and system energy exhibits a significant inflection due to amorphization, and carefully designed experiments that measure relative disorder via ion channeling and corresponding system energy via microcalorimetry could validate these computational modeling results.
The dependence of elastic modulus and the elastic constant, C 11 , as a function of swelling is shown in Fig. 5 . In both cases there is a slight inflection at a swelling value of 3% and a more pronounced inflection at a swelling value of about 6.5%, consistent with the onset for amorphous growth behavior observed in the energy per defect and relative disorder results (Fig. 3) . The decrease in both the elastic modulus and elastic constant with increased volume change are consistent with mechanical instabilities leading to mechanical melting. The significant decrease in elastic modulus due to amorphization is consistent with measurements on ionirradiated SiC that showed a significant decrease in elastic modulus when a fully amorphous buried layer is produced. 16 Data on swelling and elastic modulus for the same irradiation state are only available for bulk measurements on amorphous state in neutron-irradiated SiC, and these values are consistent with the end-state values shown in Fig. 5 . While such experiments have not yet been reported in the literature, it is very feasible to design an experiment to measure both swelling and elastic modulus as a function of dose and compare it with the results in Fig. 5 .
IV. CONCLUSIONS
The processes of damage accumulation and amorphization in SiC have been simulated using a large number of 10 keV Si cascades. Analysis of these computational damage states reveals insights and evidence regarding the clustering of point defects and amorphization. During the first few cascades prior to significant overlap, the accumulation of isolated point defects and small defect clusters increases the local system energy by about 6.8 eV per defect. Once cascades begin to overlap at $0.02 dpa, the formation and growth of defect clusters, which are the nuclei for amorphous growth, become a predominant pathway to reduce the local energy and strain per defect, with the average increase in system energy decreasing to a near steadystate value of 4.5 eV per defect for doses between 0.05 and 0.075 dpa. Beyond this damage state, continued cascade overlap leads to amorphous growth at the defect clusters as the dominant pathway to further reduce the increase in local energy and strain, with an average increase in system energy of 0.85 eV per atom for the final amorphous state. By examining the relationships of some property changes with swelling and system energy, this study has demonstrated that the onsets for defect clustering (nucleation stage) and amorphization (growth stage) are clearly revealed, even though they are not apparent in more traditional dose dependencies of property changes. The amorphization process for SiC is consistent with previous descriptions of amorphization as mechanical melting driven by irradiation-induced increases in volume, disorder, and energy. More importantly, this study provides guidance on the types of experiments that could validate the computationally predicted defect clustering and amorphization behavior, such as carefully designed experiments that measure increases in system energy (calorimetry), swelling (density change), relative disorder (ion-channeling), and elastic properties (nanoindentation).
